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a b s t r a c t
Neosporosis is of alarming economic concern in the cattle industry. The effectiveness of
diagnostic tests for detecting speciﬁc antibodies against Neospora caninum is hampered by
potential cross-reaction with other coccidia. Use of a single speciﬁc antigen might improve
test speciﬁcity. An indirect enzyme-linked immunosorbent assay (ELISA) was developed
using the truncated protein NcSRS2 expressed in Escherichia coli. The ELISA results were
compared with those of the indirect ﬂuorescence antibody test (IFAT). Receiver Operating
Characteristic (ROC) and Tests in the Absence of a Gold Standard (TAGS) analysis revealedLISA-NcSRS2
FAT
erological diagnosis
an assay having 96% speciﬁcity and 95% sensitivity when applied to 145 positive and 352
negative sera from two distinct cattle populations. Using OD≤0.095 as the cut-off point,
the assay’s negative and positive predictive values ranged from 98.8% to 50.8% and from
58.8% to99.1%, respectively, dependingonneosporosis prevalence in a given area. Thenovel
at des
ng N. cELISA-NcSRS2 form
method for detecti
. Introduction
Neospora caninum (order Eucoccidiorida, suborder
imeriorina, and family Sarcocystidae) is a coccidian par-
site responsible for abortion in cows and neuromuscular
isease in dogs. Since cattle are its principal intermediate
ost (Dubey et al., 1996), the parasite causes important
conomic losses in the cattle industry (Anderson et al.,
000).
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Open access under the Elsevier OA license.cribed in the present report constitutes a speciﬁc and sensitive
aninum in cattle.
© 2010 Elsevier B.V.   
Serological methods are commonly used in epidemio-
logical studies of N. caninum in animals. Methods include
the indirect ﬂuorescent antibody test (IFAT) (Dubey et al.,
1988), direct agglutination,Western blotting, and enzyme-
linked immunosorbent assays (ELISAs) (DubeyandSchares,
2006). In IFAT,which is considered the reference technique
for N. caninum serology (Dubey and Schares, 2006), intact
tachyzoites areusedasantigens. The testdetects antibodies
directed against antigens present on the cell surface of the
parasite (Bjorkman and Uggla, 1999), although reactivity
with other coccidian parasites might be possible i.e. Toxo-
Open access under the Elsevier OA license.plasma gondii (Dubey et al., 2003). Also, the assay involves
subjectiveness in the scoring of results (Pare et al., 1995),
is labor-intensive, and does not lend itself to large-scale
investigations. ELISAs, in contrast, are feasible at larger
scales and do not involve subjective interpretation.
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Single antigens, particularly the parasite’s surface pro-
teins, as an alternative for tachyzoite extracts, are suitable
candidates for the development of more speciﬁcs tests. A
number of dense-granule antigens ofN. caninum have been
identiﬁed to date, including NcGRA1, NcGRA2, NcGRA6,
NcGRA7 (NCDG1/Nc-p33), NcPI-S, and NTPase (Howe and
Sibley, 1999; Morris et al., 2004), some of which have been
tested for neosporosis diagnosis. NcGRA2, NcGRA6, and
NcGRA7 have been prepared as recombinant antigens to
be used in ELISA for diagnosing neosporosis in cattle and
canine population (Lally et al., 1996; Liu et al., 2007). The
surface protein NcSRS2 is common to both tachyzoite and
bradyzoite stages and is of potential use for the serological
diagnosisofN. caninum infection (Ahnetal., 2003;Gaturaga
et al., 2005; Ghalmi et al., 2009; Hemphill and Gottstein,
1996; Nishikawa et al., 2001). The available ELISAs lack in
validation data, and some of these tests are only partially
published (Dubey and Schares, 2006). The purpose of the
present study was to standardize an indirect ELISA which
uses the C-terminal domain of protein NcSRS2 to diagnose
N. caninum in cattle, and compare its performance with the
IFAT.
2. Materials and methods
2.1. Parasites
N. caninum, strain NC-1 (Dubey et al., 1988) was used to
prepare anantigen formulation for IFAT. Theparasiteswere
propagated inVero cellsmaintained inDulbecco’smodiﬁed
essential medium (DMEM) supplemented with 10% fetal
calf serum (FCS), at 37 ◦C with 5% CO2. When 80% of the
Vero cells that had been infected with N. caninum tachy-
zoites shows CPE (citopatic effect), the cell monolayers
were removed by scraping, twice washed with phosphate-
buffered saline (PBS) solution, and then centrifuged at
1000× g for 10min.
2.2. Sera
The sera used in this experiment came from two rep-
resentative beef cattle breeding regions of Brazil. From
the 497 samples, 358 sera were from Mato Grosso do Sul
state where it represent ∼40% of total beef cattle breed
in Brazil, and the Bos indicus is the main breed, and 139
from Rio Grande do Sul state were ∼15% of the beef cat-
tle is breed, and the main breed is Bos taurus. The samples
were collected in different randomly establishments dur-
ing the period of January toNovember 2008. The peripheral
blood was collected from the jugular vein of adult bovine,
using a 19g needle attached to Vacutainer tubes (Becton-
Dickinson, Rutherford, NJ) and stored at −20 ◦C until use.
2.3. Indirect ﬂuorescence antibody test (IFAT)
The antigen for IFAT was prepared as following: the
cells infected with N. caninum tachyzoites were diluted
in PBS buffer in order to obtain ∼1×106 taquizoites/mL,
then 20–30L (30,000 taquizoites) were add by slide well.
Then the slides were dry at 37 ◦C and stored at −20 ◦C until
use. The sera samples were analyzed at a dilution of 1:50,tology 177 (2011) 33–38
deﬁned as the cut-off point, using the method previously
described (Pare et al., 1995; Trees et al., 1993). The sera
diluted at 1:50 in PBS buffer were incubated for 45min at
37 ◦C. Bound bovine antibodies were detected with ﬂuo-
rescein isothiocyanate-conjugated anti-bovine IgG (Sigma
Chemicals, USA) at a dilution of 1:1125 in PBS buffer for
45min at 37 ◦C. Each glass slide included negative and pos-
itive control sera.
2.4. Recombinant NcSRS2
The antigenic domain of NcSRS2, located in the distal C-
terminal two thirds of the molecule, was ampliﬁed by PCR
usingprimers F5′-CACCAAAGAGTGGGTGACTGGandR5′-
GGT AAG CTT TGC ATC TCC TCT TAA CAC-3′ and cloned into
pET100/D-TOPO vectors (Invitrogen Tech, Carlsbad, CA,
USA). The recombinant plasmid (pET100/D-TOPO/NcSRS2)
was used for transformation into Escherichia coli BL21 Star
(DE3) (Invitrogen Tech, Carlsbad, CA, USA). The E. coli cells
in the log phasewere treatedwith 0.75-mM isopropyl-d-
thiogalactoside (IPTG) for 3h at 37 ◦C to induce expression
of fused fragments of NcSRS2. The recombinant NcSRS2
expression was conﬁrmed by SDS-PAGE and Western
blotting using anti-6×His alkaline phosphatase conjugate
(1:10,000) (SigmaChemicals, USA). Antibody-reacting pro-
tein bands were revealed using 3,3′-tetrahydrochloride
(DAB) and H2O2. The protein was puriﬁed using afﬁn-
ity chromatography on a HiTrap chelating column (GE
Healthcare, UK) charged with Ni2+ ions. The protein was
solubilized in a buffer containing 0.2% N-lauroyl sarcosine
or 8-M urea. Subsequently, the concentration and purity
of recombinant NcSRS2 were determined using a BCA kit
(Pierce, Rockford, IL, USA) and SDS-PAGE, respectively.
2.5. Western blot
Puriﬁed recombinant NcSRS2 and an unrelated recom-
binant protein (negative control) were used for Western
blotting analysis of positive and negative bovine sera. The
samples were mixed with SDS gel-loading buffer (100-mM
Tris–HCl at pH 6.8, 100-mM 2-mercaptoethanol, 4% SDS,
0.2% bromophenol blue, 20% glycerol) under reducing con-
ditions. The samples were heated at 95 ◦C for 5min and
subjected to SDS-PAGE, after which the proteins in the
gel were electrically transferred to a nitrocellulose mem-
brane (GE Healthcare, UK). The membrane was blocked
with PBS containing 5% skimmed milk (PBS-SM) for 1h
at 37 ◦C and incubated with cattle sera diluted at 1:100
with PBS-SM at 37 ◦C for 1h. The membrane was washed
three times with PBS-T for 5min each and incubated
with horseradish peroxidase-conjugated antibovine IgG
(Sigma Chemicals, USA) diluted at 1:4000 with PBS-SM at
37 ◦C for 1h. The reacting bands were revealed using 3,3′-
tetrahydrochloride (DAB) and H2O2.
2.6. Indirect enzyme-linked immunosorbent assays
(ELISAs)
Polystyrene 96-well microtiter plates (Polysorp Nunc,
USA) were coated overnight at 4 ◦C with 50ng/well
of recombinant protein NcSRS2 in 0.05-M carbonate–
y Parasitology 177 (2011) 33–38 35
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Fig. 1. Western blot analysis upon separation in 12% SDS-PAGE, transfer
onto nitrocellulose membrane, and probing with positive and nega-
tive bovine sera (diluted 1:100). MW. Full Range Rainbow Molecular
Weight Marker (GE). (A) Positive sera. 1: unrelated protein (recombi-
nantMP0099 fromMycoplasmahypneumoniae); 2: truncated recombinantS. Borsuk et al. / Veterinar
icarbonate buffer (pH 9.6). The plates were then washed
hree times using 0.01-M PBS with 0.05% Tween 20 (PBS-
) and blocked using 0.01-M PBS with 5% nonfat milk
t 37 ◦C for 1h. After three washes with PBS-T, positive
nd negative control sera and serum samples, all in trip-
icate, were diluted at 1:100 in 0.01-M PBS with 5% nonfat
ilk and incubated at 37 ◦C for 1h. After three washes,
00L/well of antibovine IgG conjugated to peroxidase
Sigma) diluted at 1:4000 in 0.01-M PBS with 5% non-
at milk were added, followed by incubation at 37 ◦C for
h. After another ﬁve washes, 100L of the substrate
o-phenylenediamine dihydrochloride; OPD tablets, Sigma
hemicals, USA) in phosphate-citrate buffer (0.4mg/mL)
ontaining 0.04% of 30% (v/v) hydrogen peroxide, pH 5.0,
ere added to each well and the plates were incubated
n the dark at room temperature for 15min, and 50L of
top buffer (1-N H2SO4) then added. Mean optical den-
ity (OD) at 492nm was determined for all test wells
sing a microtiter plate reader (Multiskan MCC/340 MKII,
labama, USA). For ELISA intra plate control we used two
ositive and two negative control sera.
.7. Statistical analysis
To accurately assess the assay for diagnostic speci-
city, sensitivity, cut-off and predictive values, the results
rom the 497 conﬁrmed positive and negative sam-
les were subjected to Receiver Operating Characteristic
ROC) analysis using MedCalc statistical software (version
0.3.0.0) (www.medcalc.be). The most appropriate cutoff
as selected for the IFAT and ELISA using ROC analy-
is that plots the DSn (true positives/true positives + false
egatives) and DSp (true negatives/true negatives + false
ositives) as a function of cutoff. To evaluate the test accu-
acy (thevaluesof speciﬁcity and sensitivity) in the absence
f a gold standard, the TAGS (Tests in the Absence of a Gold
tandard) analysis were performed (Pouillot et al., 2002);
or this we used two population, 2 tests (ELISA and IFAT),
nd no reference population.
. Results
.1. Recombinant NcSRS2
The antigenic domain of NcSRS2 located in the dis-
al C-terminal two thirds of the molecule was clone and
xpressed in E. coli as inclusion bodies, then used as a
ecombinant antigen for ELISA-NcSRS2. Two protocols of
olubilizationwere evaluated, using8-Murea in one andN-
auroyl sarcosine in the other. The yield average of NcSRS2
ecombinant obtained was 1mg/L of E. coli culture. The
ecombinant NcSRS2 solubilized with the two protocols
urea 8M and N-lauroyl sarcosine) at the same con-
entration (0.5g/mL) were tested in the ELISA-NcSRS2.
owever, when we performed ELISA using rNcSRS2 sol-
bilized in urea, all OD mean values obtained using the
era were negative (data not shown). The ELISA-NcSRS2
esults obtained in the present study were achieved using
cSRS2solubilized inN-lauroyl sarcosine. Inorder toaccess
he speciﬁcity of NcSRS2 protein with the sera from cattle
nfectedwithN. caninumweperformedaWBanalysis usingNcSRS2 (≈30kDa) of N. caninum. (B) Negative sera. 1: unrelated protein
(recombinant MP0099 fromM. hypneumoniae); 2: truncated recombinant
NcSRS2. Band in lane 2A corresponds to recombinant NcSRS2 that reacted
with positive sera.
an unrelated protein and positive and negative pooled
bovine sera (Fig. 1). The reaction of the rNcSRS2 with the
sera was observed only in the positive sera.
3.2. IFAT and ELISA-NcSRS2
The 100 positive and 258 negative sera from MS state,
and 94 positive and 45 negative sera from RS state, as
determined by IFAT were evaluated using ELISA-NcSRS2.
The standardization of ELISA-NcSRS2 was achieved using
the 497 sera. Correlation between those two diagnostic
tools was assessed using ROC analysis. Considering a cut-
off value of 0.095 for the 100 IFAT-positive sera, 10 sera
were found to be ELISA-negative. Of the 352 IFAT-negative
sera, 18 were above the cut-off point when assessed by
ELISA-NcSRS2. To access the repeatability of the ELISA-
NcSRS2, experiments intra plate using the same sera was
performed. The results obtained shown that the repeata-
bility was maintained between the plates.
In order to conﬁrm theses results we selected the 18
IFAT-negative sera with absorbance above cut-off (≤0.095)
for Western blotting analysis. All sera reacted with the
truncated recombinant NcSRS2 protein (data not shown),
showing the newly developed ELISA to be more sensitive
than IFAT, and provide an excellent tool for detection of N.
caninum infection.3.3. Sensitivity, speciﬁcity, and predictive values
Fig. 2A shows the frequency distribution of the IFAT-
positive and negative samples. Based on ROC analysis
36 S. Borsuk et al. / Veterinary Parasitology 177 (2011) 33–38
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Fig. 2. Receiver Operating Characteristic (ROC) analysis of the ELISA-
NcSRS2 using 145 conﬁrmed positive and 352 assuredly negative sera.
(A) Frequency distribution of conﬁrmed positive (1) and conﬁrmed nega-
Fig. 3. Negative (squares) and positive (diamonds) predictive valuestive (0) sera. Samples were considered positive when cut-off values were
greater than or equal to 0.095 ELISA absorbancemean values. (B) ROCplot.
Area under curve =0.974 (0.011); 95% conﬁdence interval between 0.952
and 0.988.
(Fig. 2B), a mean ELISA OD value of 0.095 was chosen as
the threshold to distinguish between positive and nega-
tive samples, yielding a speciﬁcity of 96% and a sensitivity
of 95%. Using this cut-off point (OD≤0.095), the test’s
negative predictive value ranged from 99.4% (for 10%
prevalence) to 68.8% (for 90% prevalence) and the positive
predictive value ranged from 74.5% to 99.5%, depending on
the prevalence of the disease in a particular area (Fig. 3). In
order to evaluate the accuracy in the absence of a gold stan-
dard the TAGS analysis was performed with the results of
the ELISA and IFAT with the sera from the two populations
of cattle (from MS and RS). The analysis shows a good sen-
sibility and speciﬁcity of the tests, the ELISA-NcSRS2 had
100% and 96% of sensibility and speciﬁcity, respectively.
The IFAT had 100% and 94% of sensibility and speciﬁcity,
respectively.associated with ELISA-NcSRS2 for varying prevalence levels of neosporo-
sis. Values were determined by ROC analysis based on a 0.095 ELISA
absorbance mean value threshold.
4. Discussion
There is currently an urgent need for a standardized
diagnostic assay for detecting N. caninum in cattle. Several
serological methods have been developed, including the
IFATassay (Dubeyet al., 1988) andanumberof ELISA-based
formats, employingwhole tachyzoites or recombinant pro-
teins fromN. caninum (Ahn et al., 2003; Dubey and Schares,
2006; Gaturaga et al., 2005; Ghalmi et al., 2009; Hemphill
et al., 1999). Although these assays allow for detection in
infected cattle, they all have some degree of inherent limi-
tation in speciﬁcity, sensitivity or reliability.
A serodiagnostic test based on deﬁned N. caninum anti-
gens for the detection of N. caninum-speciﬁc antibodies
appears to offer several advantages over the use of a lysate
mixture of antigens, in terms of sensitivity and speciﬁcity
(Dubey and Schares, 2006).
The NcSRS2 antigen is recognized as immunodominant
by antisera from N. caninum-infected animals and is iden-
tiﬁed in diverse isolates of N. caninum (Howe and Sibley,
1999). In previous reports (Gaturaga et al., 2005; Liu et al.,
2007), recombinant NcSRS2 proteins have been used for
the development of ELISAs for diagnosis of N. caninum
infection. In most of these, the protein was fused to a car-
rier protein, suchasGST (glutathione-S-transferase),which
can in turn interfere with the assay (Liu et al., 2007). The
approach using the baculovirus expressing the full-length
NcSRS2 protein in an ELISA systemalsowas tested for sero-
diagnosis of neosporosis (Nishikawa et al., 2001, 2002). In
our ELISA format, the truncated NcSRS2 utilized was not
fused to a carrier protein, but instead employed two sol-
ubilizing agents. This strategy was adopted, and improves
the test speciﬁcity. The method of puriﬁcation was found
to be crucial for the assay, recombinant NcSRS2 solubilized
withN-lauroyl sarcosineprovidedbetter performance than
when urea was used. Since urea is a strong reagent for sol-
ubilizing insoluble proteins (Sambrook and Russell, 2001),
protein refolding after dialysis is probably incomplete or
incorrect thus, interfering with the antigen–antibody reac-
tion. Stronger reactions are observed against non-reduced
antigens, suggesting that conformational epitopes are pre-
dominantly involved in the N. caninum-speciﬁc antibody
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esponse (Atkinson et al., 2000; Pare et al., 1995; Stenlund
t al., 1997), hence the importance of correct protein
efolding when the antigen is used in a diagnostic test.
-lauroyl sarcosine is an anionic denaturant capable of
educing hydrophobicity, owing to its ability to interact
ith hydrophobic residues, and which is conducive to cor-
ect refolding of recombinant proteins (Yang et al., 2004).
In order to increase sensitivity, most commercial ELISA
its and IFAT use crude antigen preparations, which can
ead todecreased speciﬁcity,with false-positive results due
o cross-reaction with other coccidian (Higa et al., 2000).
oreover, the presence of antibodies against N. caninum
n the fetal bovine sera used in the cell cultures for anti-
en preparation might lead to false-positives (Dubey and
chares, 2006). The use of a single antigen, especially if
ecombinant, could increase speciﬁcity because we can
ake a rational design of the diagnosis test, using an anti-
en with more potential. The ELISA-NcSRS2 developed in
he present work had a satisfactory speciﬁcity and sensi-
ivity, of 96% and 95%, respectively, determined by ROC
nalysis, the TAGS analysis shown an increase of the speci-
city and sensitivity of the ELISA of the 96% and 100%,
espectively.
Cross-reaction was assessed with sera pooled from
. gondii-positive animals (data not shown). No cross-
eaction was observed between sera and recombinant
cSRS2. Previous studies have shown that the protein
cSRS2 does not react with sera positive for T. gondii, an
rganism closely related to N. caninum (Liu et al., 2007;
ishikawa et al., 2001, 2002). This feature should be taken
nto account if the speciﬁcity of ELISAs targeted at this pro-
ein is to be improved.
Although N. caninum infection is normally diagnosed
y IFAT, the test is cumbersome and subjective, which
imits its use in large-scale investigations. The availability
f a low-cost ELISA to detect Neospora-speciﬁc antibod-
es, which is easily implementable at several laboratories
ould prove valuable to the cattle market, as it could fur-
her understanding of the dynamics of the disease, thus
acilitating interventions and control of the disease.
The prevalence rate of N. caninum in cattle has been
eported as ranging from 10% to 60% in different countries
Dubey et al., 2007) and speciﬁcally from6% to 58% in Brazil
Gondim et al., 1999; Munhoz et al., 2006; Oshiro et al.,
007). At a cut-off value of 0.095 OD, ELISA-NcSRS2 has
speciﬁcity of 96% and a sensitivity of 95%, which trans-
ate as positive and negative predictive values of 85.5%
nd 98.7% at a rate of 20% prevalence level in a popula-
ion of cattle. This average seroprevalence is considered to
e a likely association to an increased risk for reproductive
osses (Bartels et al., 2005). The ability to correctly identify
onﬁrmed seronegative animals is a pre-requisite of any
eosporosis diagnostic test. Several studies have demon-
trated that chronically infected seropositive cows have
two- to threefold increased risk of abortion, compared
ith seronegative dams (Pare et al., 1997; Pfeiffer et al.,
002; Thurmond and Hietala, 1997; Wouda et al., 1998).
he detection of infected animals (i.e. calves, replace-
ent heifers or bulls) is essential not only to isolate them
rom herds and prevent the introduction of new carri-
rs (Hall et al., 2005), but also to exclude infected damstology 177 (2011) 33–38 37
from embryo-transfer procedures (Baillargeon et al., 2001;
Landmann et al., 2002).
The ELISA format targeted at the detection of N. can-
inum described in the present study allows for large-scale
assessment of the disease in cattle and seroepidemiologi-
cal investigations, given its suitable speciﬁcity, sensitivity,
and predictive values. We are currently investigating fur-
ther ELISA formatsbasedonmonoclonal antibodies speciﬁc
to the NcSRS2 to provide enhanced speciﬁcity.
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